Postprocessing ofthe image data is an exciting capability of digital radiography that may improve diagnostic performance. We present a new algorithm that selectively enhances edges and contrast in both lungs and mediastinum while minimally amplifying noise in chest images. Using different size kernels, two smoothed images are generated from the original chest image. The two regions of interest (lungs and mediastinum) are identified based on the distribution of pixel values in the image. A modified nonlinear unsharp mask subtraction technique is then applied. The resulting image has enhanced high-and middle-frequency information in the mediastinum without distorting lung parenchyma or significantly enhancing noise. We consider that the technique employed in this study could be suitable for routine use although its true effectiveness in improving diagnostic accuracy awaits observerperformance evaluation that is currently under way.
the mediastinum and retrocardiac areas is desired while maintaining minimal enhancement of pulmonary markings and rib trabecula. IS, 16 In comparison with global image processing, selective processing applies unique parameters to each different region of the image. Image segmentation is often achieved through a study of the image histogram. Recently, Sezan et al'? used anatomically selective unsharp masking that resulted in chest images with higher image quality than those obtained by nonselective unsharp masking. McAdams et al" also proposed a technique for anatomically selective gray scale modification and unsharp masking in digital chest radiography. However, the method for determining the gray-level threshold requires human intervention and is therefore impractical for routine clinical application.
This report describes a new frequency processing algorithm that we have implemented and applied to chest radiographs. The resulting images are enhanced in both lungs and mediastinum, yet they maintain the appearance of the lungs similar to that of conventional radiographs.
METHODS
The images used in this study are standard adult chest radiographs (35 x 42 ern) obtained from the radiology reading room at the University of Alabama. The films are digitized by a Konica laser film scanner (Konica Corp, Tokyo, Japan) at a resolution of 2,000 horizontal x 2,430 vertical pixels (2.86 cycles/mm horizontal and 2.89 cy/rnm vertical). The optical density range from 0 to 4 is digitized to 10 bits of precision. Scanning requires 1 minute and 20 seconds per film. A DEC VAX computer (Digital Equipment Corp, Maynard, MA) running the VMS operating
enhancement is applied. This process allows filtering parameters be selectively applied to pixels of certain values. Our processing method is a three-step process that works as follows:
(1) Two tow-frequency smoothed images, Is1(x,y), and Isz(x,y), are generated by replacing the pixel value at the original image, Io(x,y), with a mean pixel value computed over a square areas of 35 x 35 pixels, and 101 x 101 pixels.
(2) A modified unsharp mask subtraction is performed according to the following formulas:
system is used for all the calculations, the application programs being written in FORTRAN. Processing is performed on the image at full contrast and spatial resolution. Printed images are produced by an Agfa compact L laser printer (Agfa-Gevaert N.V., Mortsel, Belgium) interfaced to the VAX, and these films are photographed for publication. Care is taken in the photographic reproduction to ensure that all the images shown are acquired, developed and printed with the same techniques. Thus, any differences in detail can not be attributed to photographic processing. A functional block diagram of the system is shown in Fig 1. The objective of spatial filtering is to enhance or supress specific spatial frequency components. Edge enhancement can be achieved by subtraction of a low-pass filtered image from the original image, and adding the resulting subtracted image back to the original image. This process is often called unsharp mask subtraction, and is expressed as: 
RESULTS AND DISCUSSiON
Figure 2 is a laser printed unprocessed chest radiograph digitized at 2,000 x 2,430 x 10 bits (1,024 gray levels). This image is used for all of the followingprocessing routines. Figure 3 shows examples of frequency processing techniques that are applied globally to the original image shown in Fig 2. Figure 3A is the result of an unsharp mask subtraction as described in Equation 1. The low-pass image is generated using a 35 X 35 pixel smoothing kernel and a constant weighting factor, K, of 5. In Fig 3B, normal pulmonary markings and trabecular pattern in the ribs are somewhat overprocessed, probably obscuring parenchymal detail. Figure 5 represents the result of a modified nonlinear unsharp mask filter. As described previously, with this method a weighting function, dependent on the pixel value of the image, replaces the constant enhancement factor. Figure 5 is generated using the adaptive filtering process described above. The weighting factor is determined as a function of the original pixel value. Figure 6A shows the weighting factor as a components than the first, whereas the first enhances higher frequencies more. Background noise typically possesses significant high-frequency components. The more the high-frequency component is amplified, the noisier the resultant image; as a result, Fig 3A appears noisier than Fig 3B. However, in both images, filtered image. Over the lung, the curves show little difference, indicating that processing in these areas was mild. However, the middle zone of this line plot shows the enhancement of the structures in the mediastinum in the filtered image.
The role of the unsharp masking has been studied for several years. Unsharp mask subtraction technique can improve detectability of simple objects superimposed in radiographic noise if the smoothing kernel's size and weighting factor are properly selected. The kernel size determines the range of spatial frequencies to be enhanced in the processed image. If the kernel size is smaller, then the higher frequencies will be amplified. The frequencies selected by the kernel size are amplified proportionally by the weighting factor. 22 -24 As shown in Fig 3A , the use of a small kernel size and a large weighting factor can decrease detectability because of increased high-frequency noise. The use of the two smoothed images obtained with different kernel sizes (one large and one small) when applied to a modified unsharp mask subtraction technique was investigated by Tahoces et al.2 5 After examining different combinations of kernel sizes, the two described here are considered appropriate for enhancing the spatial frequencies of interest while keeping image noise within clinically acceptable levels.
The use of the histogram-dependent weighting factor in unsharp mask filtering has been investigated by McAdams et al.2 6 They show that although the histogram of the entire chest image is influenced by extrathoracic structures, analysis of the chest cage alone shows a histogram with significant lung-mediastinum separation to establish a threshold. Their calculations indicated that the overlap of histogram regions between lungs and mediastinum is quite small and insensitive to clinical variables such as exposure or pathologic change. Our own studies based on 100 normal posteroanterior chest radiographs produced results in agreement with those of McAdams et al." The interface between lung and mediastinum was consistently within a small range of pixel values. This fact permits us to implement our adaptive filtering algorithm. The weighting function, k, has been developed empirically to provide maximum enhancement at the mediastinum without distortion of lung detail. Furthermore, the smooth transition between the minimum and maximum values produces the desired enhancement on the final image eliminating unwanted artifacts.
It has been shown that digital images and digital image processing have the potential to improve visual perception of diagnostically relevant information." One of the questions that has important implications for digital imaging is the ability of the video display terminals (VDT) to display the same amount of diagnostic information that is available on hardcopy images. Several studies have found film to be decidely superior in diagnostic accuracy to a highresolution video display.29-32 However, it is possible that any technique that improves digital imaging systems might also improve observer performance using VDT images, thus widening their use in the medical arena. Computer time for our automatic adaptive spatial filtering is less than 3 minutes, a short enough period for routine clinical use. In addition, although three experienced chest radiologists participated in choosing the processing parameters, the efficacy of this technique compared with the globally applied algorithm and the original unprocessed images is currently being evaluated. A receiveroperating characteristic study using simulated (computer generated) solitary pulmonary nodules is in progress with the participation of the three departments that cooperated to produce the data for this paper. The results will be the subject of a future publication. Figures 8A and  8B show an example of the application of this technique in clinical practice.
